A series of complexes with oxathiacrown ethers appended to a [Ru (bpy) 
Introduction
The presence of toxic metal ions in the environment poses great danger to humans due to their non-biodegradability and bioaccumulation. Their environmental detection will require the development of simple, highly sensitive and selective analytical methods such as articial chemosensors and, thus, the design and synthesis of such sensors with high affinity and selectivity have been given a lot of attention.
1-4
Crown ethers have been extensively used as nucleating ligands and chelators for specic metal ions. Together with their analogues, they permit control of both the coordination environment (donor atoms) and in principle, the stereochemistry at a metal ion. Their selective complexing ability, which depends upon the relative size of the cavity and diameter of the cation, number of donor atoms in the crown ring and the charge of the cation has led to their use in chemosensing; this subject area has been extensively reviewed. 5, 6 The selectivity in binding metal ions can be ne-tuned either by incorporating different so and hard donor atoms in the chelating ring or by modifying the exibility properties of the macrocyclic structure. This offers a tremendous potential in fabricating specic sensors for selected ions. 7 Although a lot of work has been done on crown ether based chemosensors (CEBCs), the focus has been on hard donor systems with O and/or N and little emphasis has been put on so-donor redoxactive macrocyclic systems which have signicant relevance in both industrial and environmental areas, because of their potential to sense environmentally toxic metals, which are usually so. Relatively isolated and few systematic studies have been carried out to assess their selectivity towards a range of transition metals. 8, 9 Such systems would be expected to show enhanced binding capabilities and selectivity in comparison with the hard donor systems. In the present study, a series of oxathiacrown ether ligands (L1-L4) bonded to a [Ru(bpy) 2 ] 2+ complexing unit were synthesized, characterized and their recognition ability towards Hg 2+ , Cd 2+ and Pb 2+ metal ions investigated by spectroscopic and electrochemical methods. Ligand L3 has been investigated previously but not in a comparative study with the other ligands. The [Ru(bpy) 2 ] 2+ moiety served as a suitable signalling unit due to its strong MLCT absorption and its emitting excited states. 10, 11 It has well-dened spectroscopic, photophysical, photochemical and electrochemical properties which are 1 H NMR and 13 C NMR spectra were obtained on a Bruker Ultrashield Plus Avance 400 MHz spectrometer and the chemical shis are reported relative to TMS. All the electrochemical experiments were performed on an Autolab potentiostat/ galvanostat (PGSTAT30). The measurements were carried out using a three-electrode cell conguration with a platinum disk working electrode, platinum gauze counter electrode and Ag/ 0.01 M AgNO 3 reference electrode. Solutions of the complexes in acetonitrile containing 0.1 M tetrabutylammonium hexauoro phosphate as supporting electrolyte were deoxygenated prior to each experiment. Binding constants 22 and limits of detection 23 were calculated according to literature methods.
Syntheses 2-(methylthio)ethylmesylate.
A mixture of 2-(methylthio) ethanol (1.8 ml, 20 mmol), pyridine (4.0 ml, 50 mmol) and dry CH 2 Cl 2 (40 ml) was charged into a ask and methanesulfonyl chloride (2.3 ml, 30 mmol) in CH 2 Cl 2 (10 ml) was added dropwise at 0 C. The reaction mixture was allowed to warm to ambient temperature, stirred for 10 h and the mixture poured into water. The organic layer was separated while the aqueous layer was extracted with chloroform once. The combined organic phases were evaporated in vacuo, THF (3 Â 100 ml) added and ltration was performed to remove the insoluble pyridinium salt. 5,6-Bis(2-methylthioethoxy)-1,10-phenanthroline (L1). A mixture of 1,10-phenanthroline-5,6-diol (0.25 g, 1.2 mmol), 2-(methylthio)ethyl mesylate (0.7 g, 4 mmol) and K 2 CO 3 (0.6 g, 4 mmol) was dissolved in dry DMF (50 ml) in a dry two-necked ask tted with a reux condenser under nitrogen gas. The suspension was gently purged with nitrogen for 5 min and then heated to 80 C for 18 h. Aer the reaction was complete, the mixture was cooled down to room temperature and ltered to remove inorganic salts. The ltrate was evaporated in vacuo, the crude product dissolved in CH 2 Cl 2 (50 ml) and washed with brine (2 Â 50 ml). The organic layer was dried over MgSO 4 , evaporated in vacuo and the crude product puried by column chromatography with alumina as the stationary phase using CH 2 Cl 2 /methanol (98 : 2) as the eluent to afford a red solid. Yield: 0.12 g (30% 3,6-Dithiaoctane-1,8-diol. A three-necked round bottom ask tted with a reux condenser was ushed with nitrogen gas and then charged with ethanol (100 ml) which was mechanically stirred while sodium metal (2.95 g, 128 mmol) was cautiously added. Aer the sodium was dissolved, the solution was warmed to 45-50 C and a solution of ethane-1,2-dithiol (5.1 ml, 60 mmol) in ethanol (10 ml) added dropwise over a period of 15 min. A solution of 2-chloroethanol (8.6 ml, 128 mmol) in ethanol (10 ml) was then added dropwise to the resulting solution and the reaction mixture reuxed for 4 h. On cooling to room temperature, it was ltered and the ltrate evaporated in vacuo to dryness, giving a white solid which was triturated with diethyl ether and dried under vacuum. Yield: 10.8 g (97%). ). 3,6,9-Trithiaundecane-1,11-diol. This compound was prepared following a procedure similar to the synthesis of 3,6-dithiaoctane-1,8-diol using 3-thiapentane-1,5-dithiol (8.0 ml, 60 mmol) in place of ethane-1,2-dithiol. Aer reuxing for 4 h, the reaction mixture was cooled to room temperature, the organic layer decanted while the white residue was treated with hot acetone (100 ml) and then ltered. The organic phases were combined, evaporated to dryness and the resulting solid triturated with diethyl ether to yield a white solid. Yield: 11.24 g (76%). 1 
]-phenanthroline (L4).
A mixture of NaH (0.10 g of 60% mineral oil dispersion, 2.5 mmol) and 1,10-phenanthroline-5,6-diol (0.25 g, 1.2 mmol) in dry DMF (20 ml) was discharged into a ask under N 2 and the mixture stirred for 10 min. A solution of 3,6,9,12-tetrathiatetradecane-1,14-dimesylate (0.55 g, 1.2 mmol) in degassed DMF (20 ml) was then added and the mixture reuxed at 80 C for 24 h. Aer completion of the reaction, the reaction mixture was ltered, concentrated and water (30 ml) added. The target compound was extracted with several small portions of CH 2 Cl 2 , the organic phases combined, dried over MgSO 4 and evaporated under vacuum to give a brown oil. Purication by chromatography on silica using 10% methanol in dichloromethane yielded a white solid. Yield: 0.24 g (43% was reuxed under nitrogen atmosphere until the purple coloration turned cherry red (5 h). The reaction mixture was cooled to room temperature, ltered and the solvent evaporated. The product obtained was dissolved in a minimum amount of methanol and a saturated solution of KPF 6 in methanol added to precipitate a red solid which was puried on an alumina column using acetonitrile/toluene (9 : 1, v/v), followed by recrystallization from acetonitrile/diethyl ether to afford a red microcrystalline solid. Yield: 75 mg (42% 
Results and discussion

Synthesis and characterization
A new synthetic strategy for generating the oxathiacrown ether ligands is given in Scheme 1 and involved reuxing 5,6-dihydroxy-1,10-phenanthroline with the oxathia mesylate (for L1) or oxathia dimesylate (for L2-L4) in DMF under a nitrogen atmosphere. L2 and L3 were prepared using Schlenk line techniques. 1,10-Phenanthroline-5,6-dione 18 and 5,6-dihydroxy-1,10-phenanthroline 19 were prepared using established literature methods, whereas the other intermediate compounds were synthesised following modied published procedures. 15, 17 Previously, a tosylate group has been widely used as a protective group in macrocyclic synthesis and has the advantages of high stability towards harsh reaction conditions, but it leads to many undesired by-products eventually giving low yields. 24 Ligand L3 was previously synthesised via an alternative route where 5,6-bis(2-chloroethoxy)-1,10-phenanthroline was reuxed with 2-mercaptoethyl sulphide in ethanol in the presence of NaOH, resulting in a yield of 30%.
9
In our hands, attempts to prepare L2 and L3 from the reaction of 5,6-bis(2-tosylatoethoxy)-1,10-phenanthroline with the dithiols and Cs 2 CO 3 under conditions of high dilution gave very low yields. A new method where the thiols are protected by the mesyl group and the corresponding dimesylates reacted with 5,6-dihydroxy-1,10-phenanthroline in DMF was therefore employed. The method involves fewer steps and gives improved yields (50-57%) of the ligands. Attempts to synthesize L4 using Cs 2 CO 3 were unsuccessful, but a yield of 43% was realised aer reuxing 5,6-dihydroxy-1,10-phenanthroline and 3,6,9,12-tetrathiatetradecane-1,14-dimesylate with NaH for 24 h. Although no conditions for high dilution were used, no [2 + 2] or higher order adducts were observed in any of the reactions.
Synthesis of the ruthenium complexes 1-4 was achieved from the stoichiometric reaction of [Ru(bpy) 2 Cl 2 ]$2H 2 O with the corresponding ligand in ethanol; the complexes were precipitated with PF 6 À . Ligand L3 and complex 3 have been previously reported and their spectral data agree with those in the literature.
The remaining ligands and complexes were characterised by 1 H NMR, 13 This data is in agreement with literature values of similar complexes. 9, 25 In addition, the ruthenium complexes 1-4 were characterized by elemental analysis, which indicated the presence of one molecule of water/Ru. This is in agreement with literature reports on similar complexes and was corroborated by the presence of a water peak in the 1 H NMR spectra. In all complexes, the ESI mass spectral data have a characteristic m/z peak at 624.0843, which may be attributed to the loss of two PF 6 À anions and the thia-crown groups.
Electronic absorption and emission spectral properties transitions. 26 A red shi of ca. 5-15 cm À1 is observed in the p-p* intra-ligand transitions in the complexes compared to the ligands. These are presumed to result from the localization of the LUMO on the phen unit whose energy is lowered upon coordinating to the metal. 27 No remarkable differences are observed in the absorption spectra of complexes 1-4, showing that electronic effects exerted by the substituents on the remote oxathiacrown ether pendants on the phen ring are negligible. Previously, it has been shown that substituents in the 5-and/or 6-positions have negligible effects on the wavelength of absorption.
28,29
The luminescence spectra of the complexes were recorded in CH 3 CN at room temperature with excitation at the absorption maxima (l max ) of the MLCT bands. The complexes exhibit broad emission manifolds which may be assigned as 3 MLCT phosphorescence, in the 607-611 nm region. These results are consistent with literature data. . 32 The photophysical data for the complexes are summarized in Table 1 .
Electrochemical properties
Electrochemical properties of the complexes in CH 3 CN solution containing 0.1 M n Bu 4 NPF 6 as the supporting electrolyte were investigated by cyclic voltammetry. The complexes were subjected to a voltage scan from À2.2 V to 1.5 V and back at a scan rate of 100 mV s À1 . The data is summarized in Table 2 33 due to the presence of electron releasing thiacrown ether substituents in the complexes. Electron-donating groups are known to facilitate the oxidation of the Ru(II) centre by pumping in electrons. 34 Although these are one electron transfer systems, plots of O(scan rate) vs. DE p (where DE p ¼ E ox À E red ) for 1-4 show intercepts ranging between 60 and 90 mV, indicating that the oxidation process may be controlled by both diffusion and kinetic factors. A representative plot is shown in Fig. S4 in ESI. † No ligand centred oxidation potential was observed in this work, although some ruthenium polypyridyl complexes are known to display ligand oxidation around 1.24 V.
25
The CVs of the ruthenium complexes also show three reversible reduction peaks between À1.62 V and À2.10 V. Although reduction may involve a metal-or ligand-centred orbital depending on their relative energies, ruthenium polypyridyl complexes are known to undergo a ligand centred reduction process. 25 The reversible reduction waves observed in this study may thus be attributed to the addition of electrons into the p*-orbitals of the ligand. It is noteworthy that the reduction processes of heteroleptic ruthenium polypyridyl complexes may be explained by a 'localization model' where each reduction step is attributed to one or several nite ligands. 33 The reduction peaks observed at À1.63 to À1.65 V and À1.82 to À1.84 V may thus point to the sequential one-electron reduction of the bpy ligands, [bpy / bpy À ], consistent with literature 9,35 while the third reduction peak at À2.05 to À2.10 V may be associated with the phen unit, as conrmed by Lazarides and co-workers. 36 As the macrocyclic cavity increases from L2-L4, an anodic shi of 10-30 mV is observed in the ligand reduction potentials and the ease of reduction follows the L2 > L3 > L4 order. The substituents directly attached to phen pump electrons into the p* orbital of bpy/phen moieties and hence make reduction process harder. The shis are however too small to affect the dp-p* separation which has a direct correlation with E ox À E red . Generally, substituents in the 5-and/or 6-position of the 1,10-phenanthroline have a lesser inuence and hence a lower energy gap than when they occupy a position in the N-containing rings. 28 
Sensitivity and selectivity studies
The sensitivity and selectivity of the oxathia crown ether ruthenium complexes for Hg 2+ , Cd 2+ and Pb 2+ ions were investigated by titrating the complexes 1-4 with the metal ions (0-10 equiv.) and monitoring the electronic absorption, luminescence and electrochemical changes.
Electronic absorption titrations
The complexes 1-4 were titrated with 0-10 equiv. of Hg 2+ , Cd
2+
and Pb 2+ ions in acetonitrile at room temperature and their spectra recorded. On adding Hg 2+ ions to 1, 2 and 4, perturbed absorption spectra are observed with the peak at ca. 457 nm diminishing as a new peak forms at ca. 427 nm. The perturbation points to the formation of 1-Hg 2+ , 2-Hg 2+ and 4-Hg . Three clear isosbestic points are observed at 442, 380 and 323 nm (Fig. 1) .
These isosbestic points indicate the presence of two absorbing species (the free and the bound host complex) at equilibrium in solution. The absorption spectrum of complex 3, on the other hand, is unperturbed by the presence of Hg 2+ ions.
This is in agreement with the literature 9 and may point to a different binding mode in the macrocyclic cavity. The interaction of Hg 2+ with the complexes is also clearly observable by the naked eye as a colour change from red-orange to yellow as shown in Fig. 2 . Titration of 1-4 with Cd 2+ and Pb 2+ ions display insignicant spectral changes, hence absorbance changes can be used to selectively identify Hg 2+ over the other ions since it is the only metal ion that changes the absorption spectra.
Emission titrations
The emission responses of the complexes 1-4 upon addition of Hg 2+ , Cd 2+ and Pb 2+ ions were investigated in acetonitrile solution at room temperature. Addition of Hg 2+ to complexes 1 and 4 result in a 10-26% peak enhancement. The strong interaction between the metal ion and the thiacrown ether moiety makes the latter a poor electron donor to quench the emissive 3 MLCT state, thus resulting in enhancement of the emission intensity. 15 The peak enhancement continues until the right stoichiometric amounts of the metal ions and the complexes have reacted together. Although 2 shows a general peak enhancement, the luminescence spectra display some irregular behaviour. Upon adding Hg 2+ (initially upto 0.5 equiv.), a peak enhancement (18%) is observed at 610 nm, followed by a gradually decreasing red shied emission maximum at 615 nm (Fig. S5 in the ESI †). Similar unusual observations have been made with some crown moieties.
22
The interaction of Hg 2+ with 3 displays a 25% quenching of the ruthenium peak at 1 : 1 stoichiometric addition. Although 
Binding constant
The binding constants (log K s ) shown in Table 1 were determined from the changes recorded in the luminescence or absorbance titrations at appropriate wavelengths where the variations are as large as possible. From luminescence spectral data, the binding constant was obtained following literature method 22 in accordance with eqn (1):
where I gives the value of log K diss whose reciprocal is the binding constant (K s ). Binding constants were also obtained from absorbance spectral data by modifying eqn (1) above into eqn (2).
where A 0 and A are the absorbance of the complex at a selected wavelength in the absence and presence of the guest metal ion respectively. A N is the limiting value of the absorbance in the presence of excess metal ion. A representative plot is shown in Fig. S6 ) were investigated by adding 10 equivalent of each ion and noting the spectral changes. The absorbance of the ruthenium peak displays negligible changes upon adding 10 equiv. of the various guest metal ions under investigation. Electronic absorption responses of complex 2 to the addition of 10 equiv. of various metal ions is shown in Fig. 3 .
Generating a ratiometric signal by calibrating absorption bands at 457 nm and 427 nm for 1, 2 and 4 help eliminate most ambiguous responses to the presence of Hg 2+ ions. A typical graphical representation of the ratiometric signals of absorbance at 427 nm/457 nm is shown in Fig. S7 (ESI †). On adding 10 equiv.
of various anions to all the complexes 1-4, the ruthenium peak appears unperturbed (Fig. S8 in ESI †) . Using luminescence, ruthenium peak enhancements (0 # 10%) are noted on adding 10 equiv. of various guest cations with no particular trend observed with 1 and small effects with 2. Complexes 3 and 4 exhibit an interesting behaviour with the monovalent cations displaying no effect and the divalent cations showing a peak enhancement of 8 to 10%. This enhancement may be attributed to the strong interaction between divalent cations and the lone pair of electrons on the oxygen atom attached to the phen unit, making it a poor donor to quench the emissive triplet 3 MLCT state. The small effect on the ruthenium peak by the monovalent cations may be due to weak interactions between the +1 charge and lone pair of electrons on oxygen. Cu 2+ generally shows a quenching of ca. 8% with all the ruthenium complexes. Representative spectra showing the effect of various guest cations on 3 is displayed in Fig. S9 (ESI †) while a graphical representation of the responses of complexes 1-4 to the addition of all the metal ions under investigation is shown in Fig. S10 (ESI †). On adding 10 equiv. of each of the guest anions under investigation to the complexes, the NO 3 À anion shows a peak enhancement of 6 to 12% while the other anions have no effect. using electronic absorption spectra. By calibrating their two absorption bands at 457 nm and 427 nm, a ratiometric signal may be generated, and this can eliminate most ambiguities from interfering ions. However, 2 would be a more suitable excellent probe for Hg 2+ detection than 1 and 4 using absorbance detection due to its low detection limit and colorimetric changes that can be observed by the naked eye. Using luminescence, complex 2 is selective towards Cd 2+ with a binding constant of log 5.38 and LOD of 2.9 Â 10
Conclusion
À4
. Complex 3 is selective towards Hg 2+ even though it has a relatively lower binding constant and higher LOD. None of the ruthenium complexes is selective towards Pb 2+ ions.
Although the thia-crown has a high affinity for the soer Hg 2+ ions, the spectral changes and hence the binding constants obtained are lower than expected. This is due to their remoteness from the phen unit and hence little inuence on the p* energy orbital of the phen ligand. Electrochemically, none of the complexes is able to recognize the presence of the guest metal ions due to lack of effective electronic communication between the ruthenium metal centre and the phen-ligand. As the macrocyclic cavity increases from complex 2-4, no obvious trend is observed in the spectroscopic and electrochemical responses to the presence of Hg 2+ ions. However in the ligands, an anodic shi of 10-30 mV is observed in the ligand reduction potentials from L2-L4 and the ease of reduction follows the L2 > L3 > L4 order. The substituents directly attached to phen pump electrons into the p* orbital of bpy/phen moieties and hence make reduction process harder. 
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